Introduction
lCP can achieve submicrometer-scale patterns as small as 30 nm [1, 2] , but scale-up to production at high rates ($1 m/s web speed) and large areas (>0.5 m web width) is yet to be achieved. There is considerable interest in roll-to-roll configurations for this purpose, and the essential element in this process is creation of cylindrical image carriers or "stamps" for this process. One approach to this is to wrap a flat stamp around a printing mandrel [3] [4] [5] [6] [7] , but this presents limitations for size and thickness uniformity and creates a noncontinuous cylinder. Master patterns are usually formed on silicon wafers, but wafer sizes are limited, thus presenting difficulty for scaling the process. There are methods for casting larger area lCP stamps (see, e.g., Ref. [5] ), but these result in low absolute accuracy and have not been fully developed. Additionally, any method that requires the wrapping of a flat-cast stamp around a cylinder will result in pattern deformation, residual stresses, and an inevitable discontinuity in the pattern. Though a stamp can be cut to proper size for wrapping, any deviation at the seam between its ends will result in a significant once-perrevolution disturbance that might preclude any reliable printing of lm-sized features at medium-to-high speeds. Finally, the stamp accuracy strongly depends on the mounting process, and none of the available mounting processes is sufficiently accurate for mounting large stamps without causing pattern distortions or thickness variations.
To address these problems, Petrzelka and Hardt [8] developed a method for the fabrication of seamless cylindrical stamps for lCP using a centrifugal casting method. In this method, a cylindrical master pattern is created by a laser direct-write process on a positive photoresist spun to even thickness within the centrifuge. Possible eccentricity and roughness are eliminated by a planarizing layer of flood-cured SU-8 photoresist on the cylinder surface, which forms a smooth substrate for the patterning layer. The centrifugal force produced by the spinning drum provides for even spreading of both the photoresist master pattern and the polydimethylsiloxaone (PDMS) precursors during casting throughout the interior surface of the drum. This approach produces continuous cylindrical tools of very uniform thickness, is scalable beyond current size limits, and does not require an additional mask creation step for changes in pattern geometry. As such, it was the first process to produce a seamless cylindrical stamp of consistent uniformity with micrometer-scale features (an example is shown in Fig. 1 ). The method was demonstrated in an initial proof of concept. The achievable aspect ratios, smooth topology, and micrometer-scale resolution of the pattern combined with the scalable cylindrical layout render this method highly suitable for creating continuous cylindrical stamps. However, the range of features shapes and the key process factors that determine these remain unexplored.
This paper extends this novel casting method by examining the laser patterning process in detail. In addition to feature location and feature size, the process is characterized by the crosssectional geometry produced. While the former two factors determine where pattern transfer will occur in printing, the latter is crucial to feature stability when subjected to contact pressures, and therefore determines the precision limits and area robustness of the printing step. As shown by Petrzelka and Hardt [9] , feature collapse, and therefore printing failure, can occur whenever local pressure exceeds the mechanical limits of the features. Since feature collapse can occur by buckling, over-compression, or collapse of the space between features, changes in the cross section will directly affect these stability limits. In addition, the cross section can influence the ink transfer behavior and influence how much print force is required to ensure conformal contact. A schematic of this process sequence is shown in Fig. 2 .
The process of direct-write photolithographic patterning in this context is examined both analytically and experimentally to create a model that can predict the geometry of features given a specific photoresist and laser geometry. In so doing, the range of achievable geometries is explored, and the parameters that produce a cross-sectional geometry for more stable stamp features are determined.
Feature Geometry and Process Robustness
Beyond scale-up and cylindrical continuity, a critical factor in lCP stamps is the sensitivity of the printing process to contact pressure variations given the stamp feature collapse modes [9] [10] [11] [12] .
PDMS is the stamp material of choice for lCP because it replicates the master pattern with nanometer-resolution, allows for diffusive substance transfer, and it can achieve conformal contact over a wider range of surface asperities [13] . 2 However, the high compliance of PDMS also leads to a variety of error modes, such as feature bulging, lateral buckling, or roof collapse (collapse of the region in between features). These are shown in Fig. 3 . The common factor for these error modes is the mechanical response of the feature to printing forces [9] , van der Waals interactions, and capillary forces [14] , where the material's elasticity is required for ensuring conformal contact with the substrate [15] . Resulting PDMS surface interaction forces were derived by Chaudhury and Whitesides [16] and demonstrated for lines-andspaces patterns by Delamarche et al. [12] .
These defects can be minimized by modifying the geometry of the stamp features. Menard and Rogers [17] suggest pursuing aspect ratios between approximately 0.05 and 2 to reduce the risk of collapse or sag, but they did not investigate effects of the detailed cross-sectional geometry. By contrast, Hizir et al. [18] showed that slanted feature sidewalls can significantly increase the robustness of the tool to print force variation, while also minimizing the increase in contact area as print pressure increases.
As shown in Fig. 2 , the cross-sectional geometry of the stamp features in the presented process is determined by the photolithographic step. Hence, for scaling lCP to produce large stamps with complex patterns, understanding the photolithographic exposure process factors that determine the detailed dimensions of the pattern is critical.
The work presented here applies the Dill process model [19] to describe the intracylindrical laser direct-write lithography on a thick resist film. Furthermore, it empirically determines the robustness to process variations, such as exposure intensity, resist film thickness, and writing speeds. In examining the boundaries of the photolithographic process, feature geometries are discovered that can be highly beneficial to a robust printing process.
A Spatial and Temporal Model of Resist Conversion
Initial experiments with SPR 220 and AZ 9260, two similar positive-tone photoresists, demonstrated that varying thicknesses and exposure times could yield a variety of feature sizes and shapes. To understand these effects, a two-dimensional (2D) model of both the input laser intensity and the resulting local and temporal photoresist state was implemented to guide and extend the ensuing experiments.
The fraction of the remaining photoactive compound (PAC) at a given location in the resist determines where material dissolves upon development after exposure. A diazonaphthoquinone (DNQ)-based positive photoresist, such as SPR 220 or AZ 9260, is rendered dissolvable through ultraviolet irradiation in a nonlinear fashion. Upon exposure, DNQ (the PAC) is converted into base-soluble indene acid. The distribution of this state in the 2D model is shown in Fig. 4 as the remaining concentration M(x,y,t), which ranges from one for completely unexposed resist and zero for completely exposed resist. This figure further shows the model of the light source, a Gaussian intensity distribution, which impinges on the photoresist.
Analytical Model. A classical model of this process was developed by Dill et al. [19] . In this model, the rate of resist conversion is given by
where I(x,y,t) is the local light intensity, and C is the sensitivity of the photoresist that determines how fast the material reacts to the light.
As the incident light penetrates the resist, the ultraviolet absorption of the reaction products is much less than that of the unexposed PAC. This effect must be considered when dealing with resist layer thicknesses in the range of 1-50 lm as is typical for stamp casting. These optical properties cause nonlinear light propagation, also referred to as contrast, and thus affect the shape of the resulting cross section. Dill's model describes this process algebraically as shown in Eq. (2). In this relationship, the absorption coefficient a for any time and location in the resist is defined through parameters A and B as a function of the quantity M a x; y; t ð Þ¼AÃM x; y; t ð ÞþB
Values for A and B describe the absorption coefficient before, during, and after exposure, where A þ B is the absorption coefficient of unexposed resist, and B is the absorption coefficient of fully exposed resist.
By applying the Beer-Lambert law [20] and incorporating the absorption relationship of Eq. (2), the intensity at any location I(x,y*) at any time t during the exposure process is given by
where I 0 (x) is the intensity distribution of the focused beam on the photoresist surface. This distribution then depends on the specific light source in use. The intensity distribution of the focused diode laser used in the apparatus is modeled as a Gaussian distribution [21, 22] , and in the 2D reference frame of Fig. 4 this is simplified to
where the half-width of the beam, x y ð Þ, at longitudinal positions y is limited by the light's wavelength k and the beam half-width at its waist, x 0
The width of the beam at the focal point is 2x 0 . This is defined as the distance between the two locations with an irradiance of I 0 =e 2 across the transverse direction of the beam at the focal point, where the irradiance in the center of the beam equals I 0 .
For the 2D simulations, only the distribution at the focal point is considered, yielding the equivalent intensity
The laser peak intensity can be calculated from the laser power P if the focused beam width x 0 is known
The total dose in the model is modulated by exposure time, and in the experiments by writing speed, both assuming a fixed overall power P.
Parameters A and B for the positive-tone photoresists SPR 220 and AZ 9260 were found in the material specifications given by the manufacturers. Parameter C was estimated from the provided thickness-dose-examples using the following relationship from Mack [23] :
where ðdT=dEÞj E¼0 is the initial slope of the transmittance-dose curve, and T 0 and T 12 are the initial resist transmittance and airresist transmittance, respectively. The parameters used for the simulations are summarized in Table 1 .
Numerical Solution. The above relationships can be combined to create a model of the spatial distribution of remaining PAC (M(x,y,t)) given the laser input distribution, absolute intensity, and exposure time. A numerical simulation was created in MATLAB by discretizing the cross section and creating two matrices; one for I(x,y,t) and one for M(x,y,t). Values were updated through nested loops to simulate the progression of the exposure process. The initial condition for the material mesh is M ¼ 1 for all locations, indicating a fully unexposed resist.
The exposure intensity at the mesh boundary was modeled as Gaussian beam (as per Eq. (6)) with input parameters for focused beam waist width x 0 , wavelength k, and laser power P. The exposure intensity in the material below the first mesh layer was calculated using Eq. (3).
The local PAC concentration remaining after each exposure loop interval was applied in calculating the subsequent intensity at each mesh point for the next loop, following Eq. (2). The spatial and temporal resolutions of these calculations were chosen to match the expected feature sizes and ensure a stable yet efficient numerical integration. For the simulation results presented here, these were 1 lm and 1 ms, respectively.
Simulation Results. The illumination properties were chosen to match the experimental apparatus (P ¼ 80 mW, x 0 ¼ 5 lm, and k ¼ 405 nm), and the simulation was executed over a number of thicknesses and duration levels for both SPR 220 and AZ 9260. Typical results for a resist thickness of 10 lm are shown in Fig. 5 for SPR 220 and Fig. 6 for AZ 9260. Each figure shows how the fraction of PAC changes with continuous exposure and how the cross section develops. Moreover, it shows differences between the resulting cross sections. In Fig. 5 , the resulting feature has highly sloped sidewalls, whereas in Fig. 6 , the resulting sidewalls are nearly vertical. This phenomenon is caused by the differing contrast of the two resists. SPR 220 can be considered a medium contrast resist when compared to AZ 9260. SPR 220 is initially more absorbent, and light cannot easily penetrate deeply into unexposed material, therefore a Gaussian light source creates sloped sidewalls. AZ 9260, which has a higher contrast, allows more light to penetrate the resist without absorption, and thus creates steeper sidewalls.
Experiments
Scope. An extensive set of experiments was performed to determine the stamp feature cross section for a given set of exposure parameters for both photoresists. The parameters included the thickness of the photoresist layer and the exposure dose per unit of surface area (modulated via the centrifuge rotation speed). The apparatus that formed the base for these experiments, as developed by Petrzelka and Hardt [8] , is shown in Fig. 7 . To avoid errors related to the axial motion of the laser parallel to the substrate and to ensure constant rotation speeds, only circumferential lines were written. The laser was actuated as a function of the radial position of the drum once the writing speed was reached, ensuring constant writing speed over one exact rotation. Postexposure baking steps, development temperature and development time were kept constant to ensure reproducibility of the threshold PAC concentration causing removal of the resist upon development.
Measurements were taken at an arbitrary angular position of the drum and 120 deg to either side for three data points per rotation, Fig. 5 Result of the simulation for SPR 220. Exposure durations t ¼ t 0 þ 1; t 0 þ 5; t 0 þ 10 , and t 0 þ 30 in 0.1 ms intervals. Concentration of remaining PAC is shown by color. Note the highly sloped sidewall prediction. Fig. 6 Result of the simulation for AZ 9260. Exposure durations t ¼ t 0 þ 1; t 0 þ 5; t 0 þ 10 , and t 0 þ 30 in 1 ms intervals. The simulation showed nearly straight sidewalls, as the low absorption attenuates light less significantly when passing through the material. Fig. 7 The system comprises a laser with focusing optics, mounted on a linear axis, which can write on the inside of a drum that serves as a centrifuge for casting the tools which allowed for an analysis of the taper and eccentricity of the drum. The cylinder was divided into several sections, and the same pattern was repeated in every section to account for possible coaxial deviation between the substrate and the optics trajectory. Within each section, an array of writing speeds was sampled with multiple turns per speed as outlined in Fig. 8 .
The complete experiment was repeated for different resist thicknesses by casting a new resist layer each time. The range of thicknesses spanned 10-25 lm for AZ 9260, as recommended by the manufacturer, and 1.5-10 lm for SPR 220. Given a constant laser power and spot size, the variation in writing speed corresponded to a variation in exposure dose per unit surface area, which produced different feature dimensions in the photoresist master for different layer thicknesses. As will be noted later, the intensity distribution was subject to a transverse dislocation of the laser focal point, caused by deviation in parallelism of the laser traverse axis and the rotational axis.
The full set of experimental combinations is displayed in Fig. 9 , and the experiments were conducted following the protocol given in Nietner [24] .
Measurement Methods. To measure the pattern geometries, PDMS tools cast on the patterns were subsequently sectioned and measured. The cast parts were sectioned longitudinally using a razor blade at three evenly spaced circumferential locations. The cross-sectional geometries of the features were observed using conventional optical microscopy, a white light interferometer, and an environmental electron microscope (ESEM). In the optical microscope (LW Scientific, Lawrenceville, GA), the sectioned tools were projected on a CCD camera (9.6 pixel/lm using a 40Â objective). The cross section was characterized by its top width (the effective print feature width), its root width, and by its height and sidewall angle. These attributes are illustrated in Fig. 10 . A typical result for AZ 9260 as observed using the microscope and ESEM is shown in Fig. 11 .
Experimental Results. Both resists exhibited a large range of top width, root width, and sidewall angle characteristics. With increasing writing speed, the power dose per unit surface area decreases, resulting in smaller features. A threshold effect was seen in thin films where the resist exhibits a high contrast, which is typical of conventional photolithography. The required power dose for a given film thickness was in accordance with recommendations given by the photoresist manufacturer, and as predicted by the model, the higher contrast AZ 9260 resist does indeed produce steeper sidewalls than SPR 220.
Medium Contrast Resist (SPR 220).
The experiments were conducted using SPR 220-3.0 with a medium viscosity, thinned with a 2:1 solution of ethyl lactate (Sigma Aldrich, St. Louis, MO) and anisole (Sigma Aldrich, St. Louis, MO). Following exposure, the pattern was developed using MF-24A developer (Dow Corning, Midland, MI). Figure 12 shows the result for SPR 220 with different substrate speeds and a film thickness of 5 lm. Each data point represents the average of 60 measurements comprising all three angular locations for each of 20 bands spaced over the center region of the cylinder. As expected, the height is constant over all dose levels, indicating exposure through the full thickness of the resist. Moreover, a constant and substantial dependence of the root and top width on the speed ($1/dose) is noted, along with a nearly constant difference between these two. This indicates a nearly constant sidewall angle, which is evident in the cross section shown in Fig. 13 .
It is important to note that SPR 220 showed considerable effects of dual-tone behavior or burning upon over-exposure. Once a threshold exposure dose is reached, the state of the material turned from soluble to insoluble again, showing a "dented" topology in the resulting stamp. Finally, the exposure of SPR 220 was not fully rate invariant in that faster exposure times required reduced energy dose.
The experiments confirmed that for increasing substrate speed and thus decreasing energy dose, the width of the produced feature decreases. Below a certain threshold dose, the cross-sectional shape of the formed feature did not reveal a flat top with distinct edges at the sidewalls, but instead a round feature. However, the height of the feature did not immediately decrease, indicating that the SU-8 layer (that is, full feature height) was still reached.
High-Contrast Resist (AZ 9200)
. AZ 9200 is a thick-film photoresist recommended for film thicknesses usually between 5 and 25 lm. The resist was chosen since it is known to produce a good contrast and precise edges (provided the optional postexposure bake is omitted). The feature sizes for both 12 and 18 lm film thicknesses are shown in Fig. 14 . For a given film thickness, the exposure dose determined the size of the features. Below a threshold dose, no feature was produced, which is typical of a high-contrast resist. It is worth noting that increasing the volume of resist and thus increasing the film thickness does not reduce the minimum root width. It can also be seen that when too little or too much energy is applied, the feature height decreases, and that in the speed range between 1.2 rev/s and 2.5 rev/s the feature depth is constant at the expected height.
AZ 9260 was more robust to overexposure effects. A higher exposure dose increased the feature width until adjacent features merged, and a width range up to 100 lm could be observed in thicknesses below 10 lm without burning or dual-tone effects. In higher thicknesses, the resist burned before reaching the exposure dose necessary to expand the reaction further to either side of the incoming beam.
As the dose decreased, the width decreased in nearly a linear fashion, while the sidewall shape remained nearly constant. This effect is illustrated with cross sections of a stamp taken at different substrate speeds (the inverse of dose levels) as shown in Fig. 15 .
Process Variation. The apparatus used for these experiments uses a linear stage to position the laser and optics parallel to the axis of rotation of the drum. The laser is fixed on the stage and can be manually adjusted in both its height and angle relative to the axis of motion of the stage for initial alignment and focus. The optics, comprising a lens and a mirror, and the motor-driven centrifuge are mounted on three-ball kinematic couplings. However, it was found that axial alignment errors of the laser beam relative to the centrifuge cylinder strongly influenced the resulting feature shape. From Fig. 16 , it is evident that both the resist thickness and the focus of the laser were variable. While these effects are problematic for implementation, they are fortuitous here since they illustrate the effect of varying the focus location. As this figure illustrates, the morphology of the feature is shown to change as the location of the focus moves from below to above the nominal top surface location. While it was not possible to measure the focus change directly, it was noted that the observed geometry change is in accordance with Mack [23] . Varying the location of the focused laser beam waist results in a variation of both peak intensity and standard deviation of the input Gaussian beam at the surface and at any other location along its axis. This was indicated by either a more sharply defined feature (section 1) or a comparatively underdeveloped one (section 10).
3 Fig. 15 Effect of speed on feature cross section for AZ 9260. Increasing writing speed reduces local energy dose and thus feature width. Note that for low speeds, the sidewalls of the features are formed by the edge of the Gaussian laser beam, resulting in a quality loss, and that for high speeds the resist threshold is not met to produce a full feature down to the substrate layer. These images were taken in a sample with 13 lm pattern thickness.
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It should be noted that the system was focused manually at a location near the outlet (for visual access) by minimizing the spot size on the surface of the resist.
Cross-Sectional Shape Control Implications
Whereas conventional photolithography is primarily interested in steep sidewalls for subsequent etching steps, the lCP process benefits from a sidewall geometry that makes the features mechanically robust. By simply making the base of the feature wider than the top (printing) width, thereby creating a sloped sidewall, the mechanical stability of the features is greatly enhanced.
An example is shown in section 1 of Fig. 16 . This feature, shown in greater detail in Fig. 17 , has an actual printing surface of 9 lm with a root width of 25 lm and feature height of 20 lm. This leads to a sidewall angle of 25 deg from vertical. If the sidewalls were vertical, the resulting feature would have an aspect ratio of about three and would be very prone to buckling collapse. However, applying the analysis conducted by Darbandi et al. [25] to this shape, the taper in this feature would have an equivalent buckling load more than eight times as high as a feature 9 lm wide and 20 lm tall without the taper.
Another dominant mode of collapse occurs when the region between features deforms into contact with the substrate owing to excessive overall stamp pressure. This effect can greatly limit the allowable sparsity and spacing of features in a stamp and thus limit the feasible patterns. However, a series of numerical simulations by Hizir et al. [18] of a deformable stamp with properties typical of PDMS demonstrated that even at large feature spacing, the effect of a tapered sidewall is significant. For the cross section of Fig. 17 , it was found that allowable roof collapse pressures could increase up to 25% for sidewall angles of 45 deg regardless of feature spacing.
The present work illustrates that the sidewall angle can be varied both by choice of resist and the shape of the laser beam. A most notable observation is that high contrast resist, normally associated with steep sidewalls, can create a sidewall slope that has very beneficial properties when used in tools for lCP.
Simulation Accuracy and Extension to General Patterning
The simulation based on the Dill photoresist model has been shown to model the process characteristics well and in particular shows excellent prediction fidelity for sidewall contour. In particular, it captures the effect of different resist contrasts (see Fig. 18 ) and the effect of variable dose levels. It can also be used to examine the effect of overlapping beam paths to determine minimum feature spacing and to examine boundaries of the feature width achievable in raster scanning.
For general stamp patterning either a vector or raster-scanning method can be used. Given the need to carefully control the dose (typically by travel speed), the former method is preferred, since the latter depends on the response of the resist to successive passes of the laser. To move relative to the substrate in an arbitrary direction at a given speed, however, motion axes need to meet specific requirements regarding speed and acceleration (e.g., the linear stage of the presented apparatus does not support these requirements.) To enable raster scanning, the laser must be Fig. 16 Feature cross sections at different axial locations for a fixed substrate speed of 2 rev/s (i.e., a fixed dose). As the laser moves from the inner most to outermost location, the effect of variable focus produces a variable morphology in a nominal 10 lm thick AZ 9260 layer. precisely registered on the cylinder both axially and circumferentially, and turned on and off at the appropriate relative position. An extreme example would be axial lines, which would require pulsing the laser at identical angular displacements (on successive rotations) while translating axially to create overlapping arcs of the desired width.
Simulations were performed to see if features much larger than the beam width could be produced on the same resist by successive exposure of adjacent material, as realized in raster scanning. Figure 19 shows that overlapping beams with an offset can be used to create features with variable width and sidewall contours unchanged from single passes.
It should be noted, however, that the simplified model of the beam geometry to a constant focus combined with the 2D representation did not allow for precise intensity calibration nor for modeling changes in energy distribution along the laser axis. If necessary, an improvement could be achieved by incorporating Mack's work [24] into the simulation to provide for the effect of the beam geometry.
Extending the simulation in this way would allow for simulating configurations with a significantly reduced depth of focus, hence increased sensitivity to focal displacement. This would allow examining the minimum feature size for a given resist thickness. Commercial software is available that incorporates these effects, such as OPTOLITH (Silvaco, Santa Clara, CA) or PROLITH (KLA Tencor, Milpitas, CA), which is largely based on Mack's work.
Such a simulation can also be used to extend the results to a greater variety of potential cross-sectional shapes by using multiple passes of beams with different widths, for example, a first pass with a narrow beam that is followed by a much wider beam that will only partially penetrate the cross section (or vice versa), thereby creating highly stable printing features.
Conclusions
The process of patterning a cylindrical photoresist film using a scanned laser was investigated both computationally and experimentally. Two kinds of DNQ-based photoresists of differing contrast were tested in their ability to present a patterning material for continuous lCP stamps. They were compared in their capacity to provide for a robust process and their capacity to create a mold for high-resolution, high-fidelity stamp features. This allowed for examining the scope of a novel direct-write process for the centrifugal casting of cylindrical tools for lCP.
The new method examined in this work allows for the production of seamless, cylindrical lCP tools made from PDMS using direct-write photolithography. Further, this work elucidates the means to vary the shape of the feature sidewalls using this method, in order to enhance mechanical stability of these features when subjected to print force variation. This capability is gained through (1) the creation of a predictive model of the photolithographic process using MATLAB and (2) the verification of this model with the thick-film photoresistive polymers SPR 220 and AZ 9200. Greater precision and process robustness can be achieved in the subsequent printing process with such a tool by adding the capacity to control the cross section of the stamp features.
Adding mechanical stability to the tooling is an important step in the scaling of lCP toward a continuous roll-to-roll process. In addition, the method of wafer-less tool fabrication was shown to enable the creation of seamless cylindrical tools that are not limited by silicon wafer sizes. Hence, this work shows a way toward large-scale, high throughput lCP, enabling a manufacturing process for high-precision surface patterning on a large, industrial scale. 
